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hematopoietic stem cell; paracrine factors; secretome; mesenchymal stromal cells HEMATOPOIETIC stem and progenitor cells (HSPCs) are a rare population of stem cells that are responsible for the maintenance and regeneration of the hematopoietic system across the life span (30) . Their capacity for regeneration allows for their transplantation into patients to enhance hematopoietic recovery following myeloablative treatment regimens targeting certain cancers (4) . HSPCs used for transplantation are obtained from the bone marrow, peripheral blood, or umbilical cord; however, additional focus has been placed into HSPC collection from peripheral blood due to decreased invasiveness of the procedure for obtaining circulating HSPCs (35) , and increased engraftment compared with HSPCs obtained from bone marrow (41) . Effective HSPC collection from peripheral blood relies on the use of pharmacological agents including granulocyte-colony stimulating factor (G-CSF) (15) and AMD3000 (37) to mobilize HSPCs and to enhance HSPCs concentration in peripheral blood. However, limitations to pharmacological approaches range from long-dosing protocols to rare but negative drug side effects such as adult respiratory distress syndrome and pyoderma (19) . Additionally, not all patients respond sufficiently to mobilizing agents and thus require multiple rounds of mobilization therapy (2) . Thus further investigations into alternative or complementary interventions to current pharmacological treatments are necessary.
Exercise has been previously shown to mobilize HSPCs into peripheral blood. Intense bouts of acute exercise have been observed to transiently increase the content of HSPCs in peripheral blood in humans (24, 28) . The exercise-induced increase in HSPC content is similar in magnitude to that induced by pharmacological interventions (7, 17, 28, 29) . The primary limitation to the widespread adoption of exercise as an adjuvant therapy to pharmacological mobilization is the transient nature of the increase in HSPC quantity (17) . It is most likely HSPCs are homing to sites of inflammation to contribute to repair/remodeling following exercise or migrating to other extramedullary sites. Developing a better understanding of the mechanisms responsible for HSPC mobilization into, and removal from peripheral blood in response to exercise may allow for the identification of key factors that can be targeted to increase the duration that HSPCs remain in circulation following exercise. To elucidate the mechanisms responsible for exercise-induced HSPC mobilization, Morici and colleagues (29) sought to evaluate changes in stem cell factor (SCF), GCSF, and CXCL12 in plasma following an acute exercise bout. Although they observed an increase in mobilized HSPCs resulting from exercise, no changes were detected in HSPC mobilization or growth factors following exercise (29) . This suggests that further investigations should be directed toward the primary sites where HSPCs reside, as local paracrine factors released in the bone marrow are likely responsible for mobilization and are not detected once HSPCs enter peripheral circulation.
HSPCs primarily reside within the bone marrow and are tightly regulated by their local microenvironment or niche (38) . As such, evaluating factors within the HSPC niche in the bone marrow may provide more precise clues as to their regulation in response to exercise. In mice, HSPC content is enriched in the population of cells within the cell characterized phenotypically as Lineage Ϫ Sca-1 ϩ c-Kit ϩ (LSK) (14) . The LSK population can be further enriched for long-term hematopoietic stem cells (LT-HSC: LSK-CD48 Ϫ CD150 ϩ ), short-term hematopoietic stem cells (ST-HSC: LSK-CD48 Ϫ CD150 Ϫ ), and multipotent progenitor cells (MPP: LSK-CD48 ϩ
CD150
Ϫ ) (9). These HSPC subpopulations are functionally divided by mitotic activity and reconstitution ability in bone marrow transplant assays (9) . Mesenchymal stromal cells (MSCs) in the bone marrow are key regulators of HSPC quiescence, prolif-eration, homing, and mobilization (6, 20, 32) . MSCs represent a heterogeneous population of cells; however, a purified population has been identified by the phenotypic marker plateletderived growth factor receptor alpha (PDGFR␣) (43) , as well as a lack of lineage committed markers (13) .
The purpose of the present study was to establish a time course of HSPC mobilization in mice, and characterize factors in the bone marrow and peripheral tissues that might be responsible for HSPC mobilization and removal from circulation. We hypothesized that an acute bout of exercise would transiently stimulate HSPC mobilization and proliferation, alter the secretome of MSCs in the bone marrow compartment, and increase expression of HSPC chemoattractants in mouse skeletal muscle.
MATERIALS AND METHODS
Mice. All protocols were approved by the Illinois Institutional Animal Care and Use Committee. Male and female C57Bl/6 (Jackson Laboratories, Bar Harbor, ME) mice were housed at 2 per cage and maintained in a 12:12-h light-dark schedule with food and water provided ad libitum. Mice were received at 10 wk of age and were 14-18 wk for experiments.
Exercise protocol. Male and female mice were equally and randomly divided between exercise (EX) and nonexercised control (CNT) groups. For the experiments, there were 8 mice (4 female and 4 male) per CNT and EX groups at 15 min, and 10 (5 female and 5 male) were assigned to the CNT and EX at 60 min. Two weeks before the exercise protocol, both EX and CNT mice were acclimated to the treadmill by a brief exposure 3 times every other day (M/W/F) consisting of 5 min at 8 m/min, 5 min at 10 m/min, and 5 min at 8 m/min. EX mice completed an intense acute exercise bout on a treadmill (Columbus Instruments, Columbus, OH) previously shown to induce stress on the bone marrow compartment (11) . Briefly, the exercise protocol began at 8 m/min that increased 2 m/min every 10 min until a speed of 16 m/min was reached. Mice exercised at 16 m/min for 30 min, and then 18 m/min for 20 min. Mice were exercised at a 0% grade. CNT mice were placed into a control apparatus with the same lane specifications and placed on top of the treadmill to mimic the stress of handling and treadmill exposure.
HSPC quantification in peripheral blood. Peripheral blood was analyzed at 15 and 60 min postexercise for quantification of HSPCs in circulation. Peripheral blood was collected via submandibular facial bleed into 0. HSPC and PDGFR␣ quantification in bone marrow. Mouse bone marrow cells were analyzed at 48 h postexercise to detect changes in stem/progenitor cell quantity within the bone marrow compartment. Mice were euthanized via CO 2 asphyxiation followed by cervical dislocation. Both femurs and tibias were quickly removed and cleared of muscle and connective tissue. Marrow was flushed in 1 ml sterile PBS through a 22-gauge needle. Flushed bones were mechanically and enzymatically digested as previously described (1) . Briefly, femurs and tibias were gently crushed using mortar and pestle in Dulbecco's modified Eagle's medium (DMEM). Bone fragments were further processed by cutting with scissors and suspended into a 0.2% collagenase solution for 1 h at 37°C. Cells obtained were recombined with cells previously flushed and placed through magnetic cell sorting Spleen analysis. Spleens were obtained from mice 48 h postexercise following euthanasia and stored on ice until processing. Spleen cells were isolated by cutting the spleen on both ends and gently milking the cells out using forceps into PBS. Red blood cells were lysed and stained for HSPC markers as described above.
5=-Bromo-2= deoxyuridine (BrdU) incorporation. A subset of EX and CNT mice were used for detecting cell proliferation in the bone marrow. Ten mice from the CNT (5 male and 5 females) and EX (5 male and 5 female) were used. The average weights for each group were CNT 22.38 Ϯ 4.12 g and EX 23.95 Ϯ 2.78 g. Mice were injected (ip) with a sterile 2% BrdU solution (Sigma) at 0.5 mg/g body wt in PBS once a day for 10 days prior to the exercise bout. The final injection was given the morning of the exercise bout. The exercise bout was performed as described above. Cells obtained from the bone marrow were obtained as described above and processed using the BD Pharmingen BrdU Flow Kits (BD Bioscience, San Jose, CA) following the manufacturer's procedures. Briefly, cells were fixed, permeabilized, and stained using anti-BrdU FITC (1:50). Cells were analyzed with an Attune Acoustic Focusing Flow Cytometer (Life Technologies). Unstained and single stain controls were used for compensation and gating. Data were analyzed as percentages Sca-1 and c-Kit positive (HSPCs) and PDGFR␣ positive.
Fluorescent activated cell sorting (FACS) of bone marrow stromal cells.
A subset of cells obtained following MACS/FACS was used to characterize changes in the bone marrow stromal cell secretome. Cells were stained with CD45 FITC (BD Biosciences) and separated using BD FACS Aria II Sorter (BD Biosciences). Following FACS, cells were placed into a 96-well cell culture plate (StemCell Technologies, Vancouver, BC, Canada) and cultured for 24 h in 150 l of 5% FBS/DMEM at 50,000 cells/well.
Conditioned media analysis. Conditioned media (CM) was collected from cells separated by FACS after 24 h and stored at Ϫ80°C. CM was pooled between the EX and CNT groups, respectively, and analyzed using a C-series Mouse Cytokine Assay C1 (RayBiotech, Norcross, GA) following the manufacturer's protocol. Assays were imaged using ChemiDoc XRS camera (BioRad, Hercules, CA) and analyzed using ImageJ (National Institutes of Health).
Gene expression analysis. The extensor digitorum longus (EDL) was obtained from previously euthanized mice and stored at Ϫ80°C. RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's protocols. Total RNA was quantified using a NanoDrop 1000 spectrophotometer (ThermoScientific, Waltham, MA). RNA to cDNA reverse transcription was done using the High Capacity cDNA RT Kit (Life Technologies). Quantitative real-time polymerase chain reaction (qPCR) was done using Taqman ABI 7900 real-time PCR machine (Life Technologies) and analyzed using SDS software (Life Technologies). Changes in gene expression were calculated using the 2 Ϫ⌬⌬CT method (27) normalized to housekeeping genes. The housekeeping genes ␤-actin, SDHA, and MRPL14 were averaged and used for calculations due to stability preand postexercise. Due to variations in housekeeping genes between 15 min and 48 h postexercise time points, gene expression for the two time points was analyzed independently.
Statistical analysis. The data were checked for normal distribution by Shapiro-Wilk test. Data that were normally distributed (i.e., cell quantities in circulation and cell quantities in the bone marrow) were analyzed by parametric tests, while data that were not normally distributed (i.e., gene expression data and LSK ϩ quantity in the spleen) were analyzed by nonparametric tests. Cell quantities in peripheral circulation were analyzed using a two-way ANOVA in GraphPad Prism 6 (GraphPad Software, La Jolla, CA) and cell quantities in the bone marrow were analyzed using t-tests in Microsoft Excel (Microsoft, Redmond, WA). Gene expression was analyzed using the Mann-Whitney-Wilcoxon test. Data are presented as means Ϯ SD with P Ͻ 0.05 considered significant.
RESULTS

Acute bout of exercise transiently mobilizes LSK cells into peripheral blood.
Representative flow plots for LSK HSPCs are shown in Fig. 1A . The percentage of circulating HSPCs was significantly increased 15 min postexercise in the EX group vs. CNT (0.66 Ϯ 0.27% vs. 1.24 Ϯ 0.47%, P Ͻ 0.001) and no significant difference in EX vs. CNT mice at 60 min (Fig. 1B) .
Acute exercise upregulates expression of factors conducive to HSPC homing and migration to spleen. Exercise has been shown to increase mobilization of HSPCs to skeletal muscle (34) (Fig. 2A) . The expression of SCF (35-fold, P ϭ 0.001, Fig. 2B ) CXCL12 (28-fold, P ϭ 0.001, Fig. 2C ) VEGFa (17-fold, P ϭ 0.001, Fig. 2D ), and ANG1 (31-fold, P ϭ 0.01, Fig. 2E ) were all significantly elevated in the skeletal muscle from EX vs. CNT mice. No significant differences were detected at 48 h postexercise for SCF (Fig. 2F), CXCL12 (Fig.  2G) , VEGFa (Fig. 2H) , and ANG1 (Fig. 2I) .
Acute exercise stimulates HSPC proliferation with no effect on total quantity. Gating strategy for HSPC, LT-HSC, ST-HSC, and MPP is shown in representative flow plots in Fig. 3A . An acute bout of exercise did not significantly increase the percentage of total HSPCs (LSK; Fig. 3B ), MPPs (Fig. 3C) , ST-HSC (Fig. 3D) , or LT-HSCs (Fig. 3E) (Fig. 5D ). All other paracrine factors evaluated were not changed (Fig. 5D ).
DISCUSSION
Developing a more complete understanding of the mechanisms governing HSPC mobilization following acute exercise is necessary to devise complementary therapies to current pharmacological interventions used in stem cell transplant. In pursuit of this aim, the present paper used a murine model to establish a time course for HSPC mobilization following exercise and identified, for the first time, exercise-induced paracrine factors released by MSCs in the HSC niche, including granulocyte-colony stimulating factor (G-CSF) and stem cell factor (SCF), and determined that gene expression for chemokines necessary for HSPC homing including CXCL12 and angiopoeitin-1 (ANG1) were upregulated in skeletal muscle. Additionally, we observed that a single bout of exercise stimulated HSPC and MSC proliferation within the bone marrow. These observations support our hypothesis that exercise stimulates HSPC mobilization due to paracrine factors released within the bone marrow compartment by MSCs in the HSPC niche, and that chemoattractants produced in skeletal muscle draw HSPCs out of circulation.
Acute exercise has long been known to transiently increase HSPC content in peripheral blood. In the present study, HSPCs peaked 15 min after an acute exercise bout, and returned to levels similar to nonexercised mice by 1 h postexercise. This timeline is consistent with previous human studies showing peak HSPC quantity in circulation 15 min after an acute exercise bout and returning to baseline levels within 60 min of cessation of exercise (28, 29) . A similar time course was established by Heal and Brightman (17) , who utilized stair running as an acute bout of exercise and observed an increase in circulating progenitor cells after exercise that returned to baseline by 1 h postexercise. Taken together, these data highlight a parallel time course for HSPCs mobilization into peripheral blood between human and murine subjects when exposed to an intense acute bout of exercise, supporting the use of the murine model to elucidate underlying factors responsible for HSPC mobilization.
A major clinical limitation in the application of acute exercise as a stimulus to mobilize HSPCs for hematopoietic stem cell transplant is the short duration of increased HSPC continent in circulation. Thus, developing a better understanding of the underlying mechanisms responsible for exercise-induced mobilization into and removal from peripheral blood could increase the efficacy of exercise as an adjuvant therapy to HSPC mobilization. Previous research has demonstrated that acute aerobic exercise bouts induce stress responses from skeletal muscle (31) , and bone marrow-derived stem cells contribute to skeletal muscle repair following eccentric exercise (34), highlighting skeletal muscle as a potential target for HSPC migration. The expression of the chemokines CXCL12, ANG1, vascular endothelial growth factor (VEGF), as well as the cytokine stem cell factor (SCF), which is necessary for HSPC maintenance and proliferation (12) , were all elevated following an acute exercise bout in skeletal muscle. These results are consistent with previous research that has demonstrated an upregulation of SCF and VEGF to promoting repair and revascularization of the skeletal muscle from stem cell populations (18) . Injection of CXCL12, which interacts with CXCR4 on HSPCs, directly into skeletal muscle has been shown to increase skeletal muscle repair and regeneration as a result of mechanical trauma, primarily due to the increased influx of CD34 ϩ CXCR4 ϩ progenitor cells (8) . In another model of skeletal muscle damage, Bobadilla et al. (5) utilized cardiotoxin injection to induce skeletal muscle damage, which led to an upregulation of CXCL12 and enhanced skeletal muscle repair resulting from increased homing of stem cell populations. Within the bone marrow, ANG1 is necessary for HSPC retention and long-term maintenance (40) . However, Hattori et al. (16) demonstrated that elevated levels of both VEGF and ANG1 stimulated hematopoiesis, vasculature remodeling, and capillary development. Given that these factors have been shown to facilitate HSPCs migration, retention, proliferation, and the contribution of bone marrow-derived stem cells to skeletal muscle repair, our data support our hypothesis that chemoattractants produced by skeletal muscle may be involved in removal of HSPCs from circulation to support skeletal muscle remodeling/repair following exercise.
The spleen is a secondary site of extramedullary HSPC residence. HSPCs migrate to the spleen during embryonic development and are maintained there in small quantities throughout life (42) . Disruption of the bone marrow compartment, such as during chemotherapy treatment, increases the quantity of circulating progenitor cells that are likely entering the spleen or other extramedullary sites (36) . Previous research has shown that as a result of an acute physiological challenge from infection, the quantity of HSPCs within the spleen increases (22) . We also observed an increase of LSK ϩ HSPCs within the spleen 48 h postexercise, further suggesting that exercise is mobilizing HSPCs out of the bone marrow and into extramedullary sites, perhaps due to acute stress in the bone marrow compartment.
A decrease in HSPCs within the bone marrow may be expected with exercise-induced HSPC mobilization into circulation. However, in the present study, the content of HSPC subpopulations analyzed was not different between exercised and nonexercised mice. We did observe increased proliferation of all HSPCs populations within the bone marrow, including MPPs, ST-HSCs, and LT-HSCs as measured by BrdU incorporation, 48 h after exercise. These data suggest that acute exercise induced HSPC proliferation to replace the cells that had emigrated as a result of exercise. Chronic exercise training has been previously observed to alter the fate determination of MSCs (1) and increase the quantity of LSK ϩ population within the bone marrow (10) . Thus our data suggest that increases in HSPC and MSC differentiation in response to an acute exercise bout are likely the initial steps towards long-term increases in content seen with chronic exercise training.
Previous exercise studies in humans have attempted to correlate changes in various cytokine concentrations in peripheral blood to alterations in HSPC content. These data have been mostly inconclusive, with no associations shown between HSPC and cytokine content (29) . HSPCs reside within a complex, but tightly regulated, niche within the bone marrow. MSCs are key cellular components of the HSPC niche that regulate HSPC cell fat decisions via a variety of surface antigens and secreted cytokines (23) . Our data are the first to demonstrate that an acute bout of exercise increased Lin Ϫ PDGFR␣ ϩ MSCs proliferation within the bone marrow. Further, MSCs isolated from mice 15 min after exercise, the time point corresponding to peak HSPC mobilization, demonstrated increased secretion of G-CSF, SCF, and IL-3 compared with nonexercised mice. G-CSF, SCF, and IL-3 are thought to induce the secretion of matrix metallopeptidase-9 (MMP9) from cells in the bone marrow (35) . MMP9 cleaves CXCL12, thereby freeing HSPCs and allowing for entrance into peripheral circulation (21, 26) . It is likely these factors are being upregulated to stimulate mobilization of the HSPCs into the periphery. SCF and THPO are also involved with stimulating self-renewal and proliferation of HSPCs (39) . We observed an increase of these factors from the CM of exercised mice. These data suggest that an acute bout of exercise stimulated selfrenewal/proliferation of HSPCs and it is likely caused by changes in the secretome of stromal cell populations within the bone marrow.
Sex may play a role in the response of the hematopoietic system following exercise. Sex has been implicated in the effectiveness of pharmacological stimulation of HSPC mobilization. Administration of G-CSF to men elicits a greater increase in HSPCs in peripheral circulation compared with women (3, 25) . Conversely, Nakada and colleagues (33) demonstrated that an ovariectomy decreased HSPC proliferation but not castration. In addition, the HSPCs proliferation can be increased in mice through the administration of estradiol, a female sex hormone (33) . In the present study, we did not observe any significant difference in the HSPC mobilization or proliferation (data not shown). Male and female mice were equally divided between the CNT and EX groups; however, the small sample size for each sex may limit the ability to identify differential responses to exercise. Future studies with larger sample sizes will be needed to delineate the response of the hematopoietic system following exercise.
In conclusion, our data demonstrate that an acute bout of exercise stimulates the transient release of HSPCs into peripheral circulation as well as stimulating proliferation of HSPCs and MSCs within the bone marrow. The transient nature of the increased HSPC content in peripheral blood is likely due to increased production of chemoattractants in extramedullary tissues, such as skeletal muscle and the spleen, that facilitate HSPC homing to those tissues to participate in repair. The acute alteration in HSPC content and proliferation in the bone marrow are likely mediated by MSC expansion, and alterations in the MSC secretome of the bone marrow. These data are the first to identify key paracrine factors produced by MSCs in the bone marrow following an acute exercise bout, and chemoattractants in the skeletal muscle involved in HSPC homing, thus providing mechanistic targets to enhance the efficacy of exercise as an adjuvant therapy for HSPC mobilization and collection for HSCT.
